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Introduction {#sec001}
============

Weak radiofrequency (RF) magnetic fields in the MHz-range was shown to influence the concentrations of reactive oxygen species (ROS) in living cells \[[@pone.0213286.ref001]--[@pone.0213286.ref004]\]. Remarkably, the energy that could possibly be deposited by such radiation is orders of magnitude smaller than the energy of molecular thermal motion. A plausible explanation to the observed effect relies on the interaction of RF magnetic fields with transient radicals within the cells, affecting the ROS formation rates through the radical pair mechanism \[[@pone.0213286.ref005]--[@pone.0213286.ref009]\]. Prediction of the RF magnetic field effects in biomolecular systems is, however, not straightforward, as it relies on multiple interlinked scales ranging from electrons to the whole cell. This gap in our understanding of RF field effects on biological systems is, however, important and needs special attention because wireless charging has already been commercialized in various sectors such as portable consumer electronics \[[@pone.0213286.ref010]\] and manufacturing facilities \[[@pone.0213286.ref011]\]. While the World's first wireless charging standard "Qi" launched by the Wireless Power Consortium focuses on short-range wireless charging which has no danger of human exposure to electromagnetic radiation, mid-range wireless charging (with possible human exposure to electromagnetic radiation) has been suggested recently by a group of companies through the AirFuel Alliance.

A cell contains a vast amount of different components interacting in a myriad of ways, and it is, therefore, no simple task to identify the molecular processes that can be affected by RF magnetic fields. Since radicals could possibly exhibit a sufficiently strong interaction with the weak RF magnetic fields \[[@pone.0213286.ref001], [@pone.0213286.ref002], [@pone.0213286.ref006], [@pone.0213286.ref012]--[@pone.0213286.ref016]\], the search can be somewhat limited by focusing on molecular intracellular processes involving radicals. Radicals inside a cell may be created in pairs in a coherent state far from thermal equilibrium, and the relaxation pathway towards thermal equilibrium can be altered by weak external magnetic fields \[[@pone.0213286.ref005], [@pone.0213286.ref007]--[@pone.0213286.ref009], [@pone.0213286.ref017]--[@pone.0213286.ref019]\]. Due to the high reactivity of radicals, various reaction pathways with radical involvement will normally be available, and external magnetic fields would thus modulate the corresponding reaction probabilities \[[@pone.0213286.ref005]--[@pone.0213286.ref009], [@pone.0213286.ref020]\]. The external magnetic RF fields would, therefore, lead to a difference in the relative amounts of intracellular reaction products that in turn would affect cellular functioning. The effect is expected to be dependent on the strength of the external magnetic fields, as well as their polarization and oscillation frequency.

Examples of radicals interacting with RF magnetic fields are known. For example, in previous studies a radical pair with flavin adenine dinucleotide (FAD) and superoxide $\text{O}_{2}^{\bullet -},\left\lbrack {\text{FAD}^{\bullet -}\ldots\text{O}_{2}^{\bullet -}} \right\rbrack$, was suggested to be responsible for an observed effect of RF magnetic fields in human ubilical vein endothelial cells \[[@pone.0213286.ref001], [@pone.0213286.ref002]\], or to be involved in avian magnetoreception \[[@pone.0213286.ref021], [@pone.0213286.ref022]\]. Another example is the cytochrome bc1 complex \[[@pone.0213286.ref023]--[@pone.0213286.ref027]\], which can be found in the mitochondrial membranes and is responsible for proton transport across the membrane as part of the respiratory chain. A recent study indicated that superoxide may be generated as a side reaction in the cytochrome bc1 complex \[[@pone.0213286.ref024], [@pone.0213286.ref025]\], and it is not unlikely that the $\text{O}_{2}^{\bullet -}$ production rate as well as its chance to escape the reaction sites within the protein complex might be affected by RF magnetic fields.

Theoretical description of weak radiofrequency magnetic field effects in biological systems is not new, and several methods that address radical pair spin dynamics have been developed \[[@pone.0213286.ref012], [@pone.0213286.ref013], [@pone.0213286.ref028]--[@pone.0213286.ref032]\]. Common to all of these methods is, that they require a specification of a radical pair Hamiltonian, which describes how spins of the unpaired electrons interact with external magnetic fields, the internal magnetic fields of the molecular environment, and with each other. To describe the majority of the radical pair processes, it is often a good approximation to assume the Hamiltonian time-independent \[[@pone.0213286.ref005], [@pone.0213286.ref009], [@pone.0213286.ref019]\], which is however not directly possible once an oscillating RF field is present. The burden of dealing with the time-dependent Hamiltonian can, however, be avoided when using the so-called rotating reference frame method \[[@pone.0213286.ref013], [@pone.0213286.ref028], [@pone.0213286.ref032]\] which permits rewriting the equations describing radical pair spin dynamics in a time-independent form. Nevertheless, the method has some limitations, as for example it only applies to circularly polarized single-frequency RF magnetic fields. Other methods that do not possess this specific constraint are, for example, based on perturbation theory \[[@pone.0213286.ref029], [@pone.0213286.ref030]\], the so-called Floquet theory \[[@pone.0213286.ref031]\], or using the *γ*-COMPUTE algorithm which exploits the periodicity of the RF field oscillations \[[@pone.0213286.ref012], [@pone.0213286.ref033]\]; the latter methods are, however, subject to different limitations and approximations.

The present investigation aims to establish a general workflow for studying the impact of RF fields on subcellular compartments. In order to illustrate how one should determine some of the key ingredients of the workflow, the rotating reference frame approach is employed due to its simplicity, making the subject more accessible to researchers without a magnetic resonance or spin dynamics background. It should be emphasized, however, that more sophisticated methods such as the *γ*-COMPUTE algorithm \[[@pone.0213286.ref012], [@pone.0213286.ref033]\] exists and, in principle, allows for a more realistic treatment of intracellular spin systems. Since it is at present not known for any given cell type which radicals would display the largest response to RF magnetic fields, the workflow is justified through examples of generic models of radical pair systems, that are aimed to serve as a foundation for studying RF effects in biological systems of varied complexity, that could be found in real biological environments. The models are essentially used to illuminate how various molecular features of a radical pair affect its response to RF magnetic fields. In particular, we consider how a radical pair system responds to RF magnetic fields for (i) different magnetic interactions within the radical pair described through the so-called hyperfine interactions; (ii) different chemical processes initiated from the radical pair, described through specific reaction rate constants; (iii) different strengths of exchange interaction between the two unpaired electrons. Some of the earlier studies \[[@pone.0213286.ref013], [@pone.0213286.ref028], [@pone.0213286.ref032]\] have already addressed these questions for different model systems, but we wish to extend the analysis and discuss the implications of moving from just a simple model system of a radical pair to a more complete description that also involves the cellular scale. Moreover, we aim to deliver a general recipe of how RF magnetic field effects in cells measured in laboratory can be interpreted through computational modelling of the underlying biophysical mechanisms. The performed analysis is aimed at biologists and biochemists interested in RF intracellular effects and seeks to provide a consistent explanation of the underlying physics that could possibly be involved in the observed phenomena.

Workflow for interpreting RF field effects in cells {#sec002}
===================================================

Interpretation of RF field effects in real biological systems involves a significant effort, but the workflow outlined in [Fig 1](#pone.0213286.g001){ref-type="fig"} breaks it down into smaller manageable tasks, which are discussed in detail below. All steps in this workflow are essentially relying on a computational approach which should be closely coupled to experiment in terms of defining the variable parameters of RF magnetic fields and of the key observables.

![An overview of the workflow to interpret intracellular RF field effects.\
Three characteristic times are important to expect any possible RF field effects in an intracellular radical pair system: *τ*~0~ is the lifetime of the radical pair; *τ*~*RF*~ is the characteristic time of RF magnetic field action on the radical pair, defined in [Eq (2)](#pone.0213286.e005){ref-type="disp-formula"}; and *τ*~*R*~ the spin relaxation time. *ν*~*RF*~ is the frequency of the RF field. The steps of the workflow are discussed in the sections of text indicated on the left side of the figure.](pone.0213286.g001){#pone.0213286.g001}

Radical pair reaction rate constants {#sec003}
------------------------------------

Intracellular RF effects depend strongly on the rate constants, associated with the reactions that involve radical pairs. These rate constants determine the fate of the radical pair in terms of possible reaction products and allow estimating the radical pair lifetime. Radical pairs can undergo different processes, where several generic schemes that permit establishing the rate constants rather accurately are reviewed below.

### Diffusion rates {#sec004}

Some radical pair processes, in particular the backreaction which regenerates the state prior to formation of a non-equilibrium radical pair, can only happen while the radicals are in close proximity. Therefore, some radical pair processes can be suppressed if one of the radicals is able to diffuse away, and thus escape from the other possible radical pair reaction outcomes. The escape rate constant, *k*~*e*~, is related to the binding time *τ*~*b*~ of the two radicals in a radical pair as *k*~*e*~ = 1/*τ*~*b*~. This rate constant can be obtained from molecular dynamics (MD) simulations, where the radical pair and its biological environment have been studied in the state prior to generation of the radical pair, and in a configuration with the radical pair created. Several statistically independent MD simulations of the radical pair state can thus reveal the average binding time, *τ*~*b*~. An example of binding time determination using this approach can be found in an earlier investigation \[[@pone.0213286.ref034]\].

### Electron transfer rates {#sec005}

Electron transfer reactions are often associated with radical pair dynamics, as radical pairs are often created or abolished through electron transfer. Charge recombination reactions can often be described by the Marcus theory \[[@pone.0213286.ref035]--[@pone.0213286.ref037]\], which states that the rate constant of an electron transfer event is given by: $$\begin{array}{r}
{k = \frac{2\pi}{\hslash}\frac{|V_{ab}|^{2}}{\sqrt{4\pi\lambda k_{B}T}}\exp\left( - \frac{\left( \Delta G_{\text{ET}} + \lambda \right)^{2}}{4\pi\lambda k_{B}T} \right)\,.} \\
\end{array}$$

Here *V*~*ab*~ is the transition matrix element between the two states involved in the charge transfer reaction, *k*~*B*~ the Boltzmann constant, Δ*G*~ET~ is the associated free energy change, and λ is the so-called reorganization energy which describes an additional free energy change linked to the conformational changes caused by the electron transfer \[[@pone.0213286.ref035], [@pone.0213286.ref038]\]. Both Δ*G*~ET~ and λ can be calculated from MD simulations \[[@pone.0213286.ref023], [@pone.0213286.ref039]\], and the transition matrix element can be deduced from quantum chemistry calculations of the radical pair system before and after the electron transfer.

Note that Marcus theory only holds in the adiabatic approximation, where the atomic nuclei can be assumed static relative to the electronic motion. Other methods must be employed for non-adiabatic electron transfers \[[@pone.0213286.ref040]\].

### Radical pair lifetime {#sec006}

The lifetime of a radical pair is a crucial characteristic for RF field effects to emerge. The lifetime, *τ*~0~, is defined as the characteristic time where both radicals of the radical pair experience coherent behaviour and can usually be deduced from the fastest spin-independent process associated with the radical pair (for example radical escape diffusion, discussed above); such an estimate delivers a lower bound for the radical pair lifetime, *τ*~0~ = 1/*k* for the rate constant *k*.

If the fastest process in a radical pair is spin-dependent and occurs with a rate constant *k*~*i*~, the initial state of the radical pair becomes important; if this process can happen from the initial state of the radical pair, the corresponding radical pair lifetime is approximated by *τ*~0~ ≈ 1/*k*~*i*~. On the other hand, the radical pair interconversion rate, *k*~mix~, becomes important as the singet-triplet interconversion leads to radical pair conversion into a spin state with a fast decay route characterized by the rate constant *k*~*i*~. For radical pairs, where the singlet-triplet interconversion is limiting the fast spin-dependent process, the radical pair lifetime is approximated by *τ*~0~ ≈ 1/*k*~mix~.

The radical pair lifetime thus often depends on the radical pair interconversion rate, *k*~mix~, which is normally not known upfront since it is mainly determined by the internal parameters of the radical pair such as the hyperfine interactions. As the typical hyperfine interactions are on the order of 1 mT \[[@pone.0213286.ref007], [@pone.0213286.ref019], [@pone.0213286.ref041]\], one expects *k*~mix~ to be about $\frac{g\mu_{B}}{2\pi\hslash} \cdot 1\mspace{720mu}\text{mT} \approx 30\mu\text{s}^{- 1}$, which can be used as an order of magnitude guess for the lifetime of a typical radical pair if no other information is available.

Experimental conditions {#sec007}
-----------------------

One should next consider the experimental conditions which define the external magnetic fields. The strength and direction of any static magnetic field needs to be determined, as well as the strength, frequency, and polarization of the RF magnetic field.

The characteristic interaction time, *τ*~*RF*~, of the RF magnetic fields with the radical pair, can be determined once the strength of the RF magnetic field is known, and is estimated as: $$\begin{array}{r}
{\tau_{RF} = \frac{2\pi\hslash}{g\mu_{B}B_{1}}\,.} \\
\end{array}$$

Here *g* is the isotropic Landé *g*-factor which is approximately 2 for organic radicals, *μ*~*B*~ is the Bohr magneton, and *B*~1~ is the RF magnetic field strength. Note that *τ*~*RF*~ depends only on the field strength of the RF magnetic field, *B*~1~, but not on its oscillation frequency or polarization. If the interaction time is much larger than the lifetime of the radical pair, *τ*~*RF*~ ≫ *τ*~0~, the RF magnetic field will not have sufficient time to interact with the radical pair before it decays and, therefore, any effect of the RF magnetic field on the radical pair can be readily excluded, as also schematically depicted in [Fig 1](#pone.0213286.g001){ref-type="fig"}.

Radical pair internal parameters {#sec008}
--------------------------------

The internal parameters describe the interactions within each radical pair, and knowledge of those can sometimes be enough to exclude the possibility of RF magnetic field effects on the biochemical system, as illustrated in [Fig 1](#pone.0213286.g001){ref-type="fig"}. The most important parameters describing internal interactions in the radical pairs are the so-called hyperfine couplings, describing the interaction between the unpaired electrons of the radical pairs and any nearby magnetic atomic nuclei, which are present in most radicals. The hyperfine interaction is often decomposed into the spin-dipole interaction, which provides the anisotropic part of the hyperfine interaction, and the Fermi Contact term which is isotropic. Most standard quantum chemistry software packages like Gaussian \[[@pone.0213286.ref042]\] or DALTON \[[@pone.0213286.ref043]\] are able to calculate these two components of the hyperfine interactions.

### Inter-radical interactions {#sec009}

The two unpaired electrons of the radical pair may interact with each other through the exchange interaction \[[@pone.0213286.ref044]--[@pone.0213286.ref046]\], **H**~*ex*~, or magnetic dipole-dipole interaction \[[@pone.0213286.ref045], [@pone.0213286.ref046]\], **H**~*dd*~, which have the following generic form: $$\begin{array}{rc}
\mathbf{H}_{ex} & {= - 2J\left( \mathbf{r} \right)\,\mathbf{S}_{1} \cdot \mathbf{S}_{2},} \\
\end{array}$$ $$\begin{array}{rc}
\mathbf{H}_{dd} & {= \frac{g_{1}g_{2}\mu_{0}\mu_{B}^{2}}{4\pi}\left( \frac{3\left( \mathbf{S}_{1} \cdot \mathbf{r} \right)\left( \mathbf{r} \cdot \mathbf{S}_{2} \right)}{\left| \mathbf{r} \right|^{5}} - \frac{\mathbf{S}_{1} \cdot \mathbf{S}_{2}}{\left| \mathbf{r} \right|^{3}} \right) = \mathbf{S}_{1} \cdot \mathbf{D}\left( \mathbf{r} \right) \cdot \mathbf{S}_{2}\,.} \\
\end{array}$$

Here *J*(**r**) is the strength of the exchange interaction, **D**(**r**) the magnetic dipole-dipole interaction tensor, **r** the vector going from one radical to the other, **S**~1~ and **S**~2~ are the electron spin operators, and *g*~1~ and *g*~2~ are the *g*-factors of the two radicals. Since the unpaired electrons of the two radicals are not located at a specific point, integration over their wavefunctions is necessary in order to obtain accurate *J* and **D** parameters. The effect of *J* and **D** is mainly to suppress singlet-triplet interconversion in the radical pairs, which in turn can render the radical pairs immune to RF magnetic field effects, as highlighted in [Fig 1](#pone.0213286.g001){ref-type="fig"}. Both interactions strongly depend on the interradical distance *r* and, therefore, significant variations of *J* and **D** may occur for unconstrained radical pairs. Variation of *J* and **D** is furthermore a source of spin relaxation.

### Spin relaxation {#sec010}

Most of the interactions in a radical pair are not static, but depend on time due to the atomic thermal motions. Instead of trying to solve the spin dynamics equations with time-dependent internal interactions, the associated effects can be accounted for through the Redfield theory \[[@pone.0213286.ref018], [@pone.0213286.ref045], [@pone.0213286.ref047], [@pone.0213286.ref048]\], as was for example done earlier \[[@pone.0213286.ref018], [@pone.0213286.ref048]\]. Accurate accounting for spin relaxation can be complicated, and sometimes it is sufficient to estimate the spin relaxation time, *τ*~*R*~, which describes the time at which the spin system will reach thermal equilibrium due to relaxation effects. If the relaxation time is much shorter than the expected lifetime of the radical pair, i.e. *τ*~*R*~ ≪ *τ*~0~, the radical pair will reach thermal equilibrium quickly, and will not be able to respond to RF magnetic fields as indicated in [Fig 1](#pone.0213286.g001){ref-type="fig"}. If, on the other hand, the relaxation time is much longer than the lifetime of the radical pair, relaxation becomes irrelevant and can be ignored.

Modelling spin dynamics {#sec011}
-----------------------

Once the magnetic and kinetic properties of a radical pair are established it is possible to describe the underlying spin dynamics. A simple initial analysis can provide important insights into the spin system: the eigenvalues of the radical pair spin Hamiltonian, in the absence of the RF magnetic field can be obtained. The difference between any two eigenvalues, Δ*E*~*ij*~, corresponds to a resonance frequency in the spin system and, therefore, the calculated eigenvalues provide a complete spectrum of possible resonance frequencies in the studied radical pair, see [Fig 1](#pone.0213286.g001){ref-type="fig"}. Not all of the resonance frequencies, however, will affect the quantum yield of the radical pair reaction. This simple analysis can thus immediately exclude any RF magnetic field effect of certain frequencies, that are significantly different from the deduced resonance frequencies, since they would not be able to affect the quantum yield at all. For organic radicals one typically expects multiple resonance frequencies within the 1-50 MHz range due to the hyperfine interactions of the radicals.

For the calculation of the quantum yield change as a function of RF frequency, one can for example use the MolSpin \[[@pone.0213286.ref049]\] software package, either directly or through the intuitive interface in VIKING \[[@pone.0213286.ref050]\], which is easy to use and well suited for such calculations.

Observable results {#sec012}
------------------

The quantum yields delivered from the spin dynamical calculations can finally be used to qualitatively judge about the relative amount of reaction products obtained from the various reaction pathways associated with the radical pair. Comparing the quantum yields with and without the presence of a RF field, one can thus conclude on the impact of RF magnetic fields on the relative amount of reaction products inside a cell and ultimately suggest if any noticable effects (cell lifetime, growth rate, etc.) are expected due to the presence of a certain radical pair and its involvement in one of the aforementioned processes.

Employing the workflow for generic model systems {#sec013}
================================================

To employ the generic workflow in [Fig 1](#pone.0213286.g001){ref-type="fig"}, it is illuminating to consider simple generic radical pair models. An example of a simple radical pair model is illustrated in [Fig 2A](#pone.0213286.g002){ref-type="fig"}, consisting of two magnetic nuclei (red arrows) and two unpaired electrons (blue arrows), such that each radical has a single magnetic nucleus. The unpaired electrons in the radical pair posses a property called spin \[[@pone.0213286.ref044]\], which permits them to be affected by external magnetic fields, such as RF magnetic fields. The external magnetic fields, as well as other magnetic interactions of the unpaired electronic spins, result in the singlet-triplet mixing of the radical pair, which is an interconversion between two different types of quantum mechanical states that the spins of the unpaired electrons can reside in, called singlet and triplet states, and occuring with a characteristic rate constant *k*~mix~. More details about the quantum states of a radical pair can be found in the Supporting Information (SI). The significance of the singlet and triplet states is illustrated in [Fig 2B](#pone.0213286.g002){ref-type="fig"}, and note also the presence of two spin-dependent processes occuring with rate constants *k*~*S*~ and *k*~*T*~ from the singlet and triplet state, respectively. These processes could, for example, be electron transfer processes, and will (possibly together with *k*~mix~) determine the lifetime of the radical pair, *τ*~0~. The oversimplified radical pair model system in [Fig 2](#pone.0213286.g002){ref-type="fig"} is expected to be more complex in reality and include more nuclei \[[@pone.0213286.ref015], [@pone.0213286.ref048], [@pone.0213286.ref051]\], and, therefore, more local magnetic interactions, that will add a specific signature to how a radical pair will respond to external magnetic fields. A more complex model including more magnetic nuclei is, therefore, also considered below. The minimal model, however, is supposed to illuminate in an intuitive fashion the principal effects that are expected to arise in a radical pair system, once it is subject to RF magnetic fields.

![Overview of the simple radical pair model.\
**A**: The static magnetic field **B**~0~ points along the *z*-axis, and the RF field **B**~1~(*t*) acts in the *xy*-plane. The unpaired electrons are each localized around the magnetic nuclei. **B**: Magnetic interactions in the system induces singlet-triplet mixing within the radical pair with a characteristic rate constant *k*~mix~. Chemical reactions can occur with rate constants *k*~*S*~ and *k*~*T*~ from radical pairs in the singlet and triplet state, respectively, limiting the lifetime *τ*~0~ of the radical pair.](pone.0213286.g002){#pone.0213286.g002}

Measuring RF field effects in an experiment {#sec014}
-------------------------------------------

The RF magnetic fields could affect cellular dynamics in various ways, such as for example the cell growth or cell death rate. The RF magnetic field influence depends on the underlying subcellular structures and chemical processes on the molecular scale, some of which are involved in radical production. The produced radicals can appear crucial for the functioning of molecular systems \[[@pone.0213286.ref006]\], or become unfortunate side products as for example the superoxide produced in the bc1 complex \[[@pone.0213286.ref024], [@pone.0213286.ref025]\]. Radicals, and radical pairs in particular, can be created during vital cellular processes, and the spin dynamics of these radicals may determine the outcome of chemical processes in which they participate. In the cytochrome bc1 complex, for example, the radical spin dynamics could possibly affect the probability for $\text{O}_{2}^{\bullet -}$ to leave the complex without recombining back to O~2~, thus changing the superoxide concentration within the cell and disturbing the normal operation of the bc1 complex, which rely on intrinsic electron transfers.

To make the proposed approach less abstract, we would like to consider a possible experimental setup, where RF field effects can be observed, and the suggested workflow would turn out to be useful in interpreting observables. For the sake of simplicity it will be assumed that in a staged experiment every cell contains the same number of radical pairs that is affected by RF magnetic fields. Introducing a varying number of radical pairs in different cells does not change the outcomes of the modelling conceptually, and should be accounted for by averaging over an ensemble of cells. Each radical pair leads to different chemical reactions that are initiated from the singlet and triplet states, leading to the so-called singlet and triplet yields; such singlet and triplet yields could for example be superoxide recombining to form O~2~ and superoxide escaping the bc1 complex, respectively.

To quantify the action of the magnetic field, it is important to define a coordinate frame used to describe the radical pairs as illustrated in [Fig 2A](#pone.0213286.g002){ref-type="fig"}. The most intuitive choice of the coordinate frame is the laboratory frame, illustrated in [Fig 3](#pone.0213286.g003){ref-type="fig"}; assuming we have an experimental setup where some cells are put in a Petri dish, and subject to the static and oscillating magnetic fields *B*~0~ and *B*~1~, respectively. The static homogeneous magnetic field could then be applied in a direction perpendicular to the Petri dish, and thereby determine the *z*-axis; the plane of the Petri dish would then correspond to the *xy*-plane.

![The laboratory coordinate frame.\
An artistic representation of a Petri dish with an ensemble of cells, and a magnetic field, *B*~0~, in the direction perpendicular to the plane of the Petri dish. The Petri dish is surrounded by rectangular coils that can produce an oscillating magnetic field *B*~1~ along any of the three axes in the laboratory frame. Thus an RF magnetic field rotating in the plane of the Petri dish could be produced, cf. [Fig 2A](#pone.0213286.g002){ref-type="fig"}. The orientation of each cells, and hence also of any radical inside the cells, is random, which dictates that any orientational dependent property of the radical pairs should be averaged over all the possible radical orientations.](pone.0213286.g003){#pone.0213286.g003}

The radical pairs are assumed to be floating freely inside the cells, such that they would feature all possible orientations of the corresponding magnetic moments. Changing the orientation of the cell does not change the internal interactions within the cell, but it does have an effect on interactions with external entities, such as the static external magnetic field, as well as the RF magnetic fields. The experiment is thus expected to be performed on an ensemble of radical pairs, which include all possible orientations of the radical pairs relatively to the external magnetic fields. Averaging over all radical pair orientations is straightforward when all internal interactions in the radical pair, such as e.g. the internal magnetic hyperfine interactions, are isotropic, since in that case the spin dynamics of the radical pair become independent of the external magnetic field direction. Normally, however, hyperfine interactions are anisotropic, but unless the radicals are constrained in some way, rotational diffusion of the radicals will smear away the anisotropies. This happens if the characteristic time for rotational diffusion, the rotational correlation time *τ*~rot~, is significantly smaller than the characteristic time scale for the spin dynamics, i.e. the time scale for the singlet-triplet mixing 1/*k*~mix~ = *τ*~mix~, see [Fig 2B](#pone.0213286.g002){ref-type="fig"}. Typical rotational correlation times for free organic radicals are on the order of *τ*~rot~ = 1 ps \[[@pone.0213286.ref045]\], while the time scale of the processes associated with spin dynamics are of ns to *μ*s duration, as shown below. The huge difference in the characteristic values of *τ*~rot~ and *τ*~mix~ suggests that all the hyperfine interactions in a typical unconstrained intracellular radical pair can be considered as isotropic to a good approximation \[[@pone.0213286.ref007], [@pone.0213286.ref008]\]. The situation is more complicated for constrained radical pairs, where one has to take the anisotropy into account.

Model details {#sec015}
=============

In order to characterize an ensemble of radical pairs, one should first consider how a single radical pair is described. The results of such a description are the so-called quantum yields, which determine the probability for reaction pathways for the single radical pair. Since most of the radical pairs in an experiment are expected to be similarly prepared, they are assumed to be spawned in the same quantum state, and experience the same internal interactions as the molecular structures of the radical pairs are thought identical. The calculated probabilities for the various reaction products in a single radical pair could then be generalized for every radical pair in the experimental system. There are two potential problems with this approach: (i) the radical pairs in the experimental setup have different orientation relative to external static and RF magnetic fields, and (ii) the inherent randomness of the thermal motion present in the radicals will lead to different molecular motions for each of the radical pairs in the ensemble. The first problem is solved by averaging the yield obtained for a single radical pair over all possible orientations of this radical pair. The second problem can be handled through the Redfield theory \[[@pone.0213286.ref018], [@pone.0213286.ref045], [@pone.0213286.ref047], [@pone.0213286.ref048]\], which has been developed to take spin relaxation into account.

For the description of a single radical pair, one must first account for all the interactions with the magnetic nuclei within the radicals. Such intrinsic magnetic fields of the nuclei are described by the hyperfine interactions which in the present study are assumed to be isotropic, following the arguments above. The strength of the isotropic hyperfine interaction between an unpaired electron of a radical and a magnetic nucleus is characterized by the hyperfine coupling. Since the simple model radical pair shown in [Fig 2A](#pone.0213286.g002){ref-type="fig"} has two magnetic nuclei, the hyperfine coupling *a*~1~ is a parameter that permits altering the magnetic properties of the first nucleus, while the hyperfine coupling of the other nucleus, *a*~2~ = 1 mT, is kept constant in all calculations. The values for the hyperfine coupling are chosen such that they represent the common order of magnitude for hyperfine couplings for magnetic nuclei \[[@pone.0213286.ref007], [@pone.0213286.ref019], [@pone.0213286.ref041]\], and the hyperfine interactions are assumed to be isotropic due to rotational diffusion of the radicals as explained above. Each nucleus in the studied simple radical pair, [Fig 2A](#pone.0213286.g002){ref-type="fig"}, is assumed to have a spin quantum number of 1/2, and the Hamiltonian describing the hyperfine interactions of the unpaired electronic spins with the nuclei reads as: $$\begin{array}{r}
{\mathbf{H}_{HF} = g\mu_{B}\left( a_{1}\mathbf{S}_{1} \cdot \mathbf{I}_{1} + a_{2}\mathbf{S}_{2} \cdot \mathbf{I}_{2} \right)\,.} \\
\end{array}$$

Here **S**~1~ and **S**~2~ are the electronic spin operators for the two unpaired electrons, and likewise **I**~1~ and **I**~2~ are the two nuclear spin operators. The product **S**~1~ ⋅ **S**~2~ is defined as **S**~1~ ⋅ **I**~1~ = **S**~1*x*~ **I**~1*x*~ + **S**~1*y*~ **I**~1*y*~ + **S**~1*z*~ **I**~1*z*~ and similarly for **S**~2~ ⋅ **I**~2~ \[[@pone.0213286.ref044], [@pone.0213286.ref052], [@pone.0213286.ref053]\]. The radical pair system is assumed to be exposed to the static magnetic field **B**~0~, which points along the *z*-axis in the laboratory coordinate frame, see Figs [2](#pone.0213286.g002){ref-type="fig"} and [3](#pone.0213286.g003){ref-type="fig"}, as well as the time-dependent magnetic RF field **B**~1~(*t*). The interaction between the electronic spins and both of these magnetic fields is described by the Zeeman Hamiltonian, as $$\begin{array}{r}
{\mathbf{H}_{Z}\left( t,\Omega \right) = g\mu_{B}\left( \mathbf{R}\left( \Omega \right)\mathbf{S}_{1} + \mathbf{R}\left( \Omega \right)\mathbf{S}_{2} \right) \cdot \left\lbrack B_{0}\,\hat{\mathbf{z}} + B_{1}\,\left( \hat{\mathbf{x}}\cos\left( \omega t + \phi \right) + \hat{\mathbf{y}}\sin\left( \omega t + \phi \right) \right) \right\rbrack,} \\
\end{array}$$ where $\hat{\mathbf{x}}$, $\hat{\mathbf{y}}$ and $\hat{\mathbf{z}}$ are the unit vectors pointing along the *x*-, *y*- and *z*-axes, respectively, *ω* is the angular frequency of the RF magnetic field, *B*~1~ is the RF magnetic field strength, and *ϕ* is the phase of the RF magnetic field. **R**(**Ω**) is a standard 3 × 3 rotation matrix (defined in the SI), where Ω denotes the orientation of the radical pair relative to the laboratory reference frame illustrated in [Fig 3](#pone.0213286.g003){ref-type="fig"}. The rotation matrix is necessary for all interactions between internal entities, such as the electronic spins or magnetic nuclei, and external entities, such as the static and RF magnetic fields, since **R**(Ω) is the matrix that transforms the spin operators from the molecular reference frame to the laboratory reference frame; this ensures that the calculation results are independent of the choice of the reference frame. Note that the rotation matrix was not necessary in [Eq (5)](#pone.0213286.e009){ref-type="disp-formula"} since only internal entities were involved there.

The nuclear Zeeman term describing the interaction between the external magnetic field and the nuclear spins is neglected in [Eq (6)](#pone.0213286.e010){ref-type="disp-formula"}, as it is 2-3 orders of magnitude smaller than the electronic Zeeman term due to the magnetic moment of an electron and nuclei being inversely proportional to their respective masses.

The Zeeman Hamiltonian in [Eq (6)](#pone.0213286.e010){ref-type="disp-formula"} may look rather complicated, and it is therefore instructive to write the static and RF contributions explicitly: $$\begin{array}{cl}
{\mathbf{H}_{Z,B_{0}}\left( t,\Omega \right)} & {= g\mu_{B}B_{0}\,\left( R_{zx}\left( \mathbf{S}_{1x} + \mathbf{S}_{2x} \right) + R_{zy}\left( \mathbf{S}_{1y} + \mathbf{S}_{2y} \right) + R_{zz}\left( \mathbf{S}_{1z} + \mathbf{S}_{2z} \right) \right),} \\
{\mathbf{H}_{Z,B_{1}}\left( t,\Omega \right)} & {= g\mu_{B}B_{1}\left\lbrack \left( R_{xx}\left( \mathbf{S}_{1x} + \mathbf{S}_{2x} \right) + R_{xy}\left( \mathbf{S}_{1y} + \mathbf{S}_{2y} \right) + R_{xz}\left( \mathbf{S}_{1z} + \mathbf{S}_{2z} \right) \right)\cos\left( \omega t + \phi \right)\operatorname{} \right.} \\
 & {\phantom{=} + \operatorname{}\left( R_{yx}\left( \mathbf{S}_{1x} + \mathbf{S}_{2x} \right) + R_{yy}\left( \mathbf{S}_{1y} + \mathbf{S}_{2y} \right) + R_{yz}\left( \mathbf{S}_{1z} + \mathbf{S}_{2z} \right) \right)\left. \sin\left( \omega t + \phi \right) \right\rbrack\,.} \\
\end{array}$$

Here *R*~*ij*~ are the components of the rotation matrix, **R**(Ω), where the orientation Ω has been omitted for clarity. In the special case where the molecular reference frame is the same as the laboratory reference frame, the rotation matrix becomes the identity operator, where *R*~*xx*~ = *R*~*yy*~ = *R*~*zz*~ = 1, while all other components are zero. In this case [Eq (7)](#pone.0213286.e014){ref-type="disp-formula"} reads as: $$\begin{aligned}
{\mathbf{H}_{Z,B_{0}}\left( t,\Omega \right)} & {= g\mu_{B}B_{0}\,\left( \mathbf{S}_{1z} + \mathbf{S}_{2z} \right),} \\
{\mathbf{H}_{Z,B_{1}}\left( t,\Omega \right)} & {= g\mu_{B}B_{1}\left\lbrack \left( \mathbf{S}_{1x} + \mathbf{S}_{2x} \right)\cos\left( \omega t + \phi \right) + \left( \mathbf{S}_{1y} + \mathbf{S}_{2y} \right)\sin\left( \omega t + \phi \right) \right\rbrack\,.} \\
\end{aligned}$$

This simple case only holds when all internal interactions are isotropic, as discussed below, while Eqs [(6)](#pone.0213286.e010){ref-type="disp-formula"} and [(7)](#pone.0213286.e014){ref-type="disp-formula"} are more general.

The two unpaired electrons in the radical pair are assumed to have oppositely aligned spins initially, i.e. assume the radicals to be created in the coherent singlet state, denoted as \|*S*〉. This singlet state is not an eigenstate of the hyperfine Hamiltonian, and is a superposition of the different quantum states which evolve differently over time. Thus the radical pair will alternate between the singlet state \|*S*〉 and the three triplet states \|*T*~0~〉, \|*T*~+~〉 and \|*T*~−~〉 with a characteristic rate *k*~mix~, see [Fig 2B](#pone.0213286.g002){ref-type="fig"}, and this dynamics could be affected by RF magnetic fields once the field frequency matches the energy difference between any two quantum states of the radical pair, see [Fig 1](#pone.0213286.g001){ref-type="fig"}. A more detailed explanation of singlet and triplet states, and why they are mixed by the Hamiltonian operator, is given in the SI.

In addition to the singlet-triplet mixing of the radical pair, the radicals are expected to participate in chemical reactions within the cell. These reactions depend on the spin state of the radical pair, and it is, therefore, generically assumed that different reactions happen from the singlet and the triplet states \[[@pone.0213286.ref054]\], leading to the distinct reaction rate constants *k*~*S*~ and *k*~*T*~, respectively, as illustrated in [Fig 1B](#pone.0213286.g001){ref-type="fig"}.

The dynamics of the radical pair can be described in terms of the density operator, *ρ*(*t*, Ω), and its time evolution is described by the Liouville-von Neumann equation \[[@pone.0213286.ref009], [@pone.0213286.ref015], [@pone.0213286.ref052], [@pone.0213286.ref055]--[@pone.0213286.ref058]\]: $$\begin{array}{r}
{\frac{\partial\rho\left( t,\Omega \right)}{\partial t} = - \frac{i}{\hslash}\left\lbrack \mathbf{H}\left( t,\Omega \right),\rho\left( t,\Omega \right) \right\rbrack_{-} - \frac{k_{S}}{2}\left\lbrack \mathbf{P}_{S},\rho\left( t,\Omega \right) \right\rbrack_{+} - \frac{k_{T}}{2}\left\lbrack \mathbf{P}_{T},\rho\left( t,\Omega \right) \right\rbrack_{+}\,.} \\
\end{array}$$

Here \[*A*, *B*\]~∓~ = *AB* ∓ *BA* denote the commutator and anti-commutator, while $\mathbf{P}_{S} = \frac{1}{4}1 - \mathbf{S}_{1} \cdot \mathbf{S}_{2}$ and $\mathbf{P}_{T} = \frac{3}{4}1 + \mathbf{S}_{1} \cdot \mathbf{S}_{2}$ are the singlet and triplet projection operators, respectively. The last two terms in [Eq (9)](#pone.0213286.e016){ref-type="disp-formula"} describe the chemical reactions \[[@pone.0213286.ref020]\], while the rest of [Eq (9)](#pone.0213286.e016){ref-type="disp-formula"} is a reformulation of the Schrödinger equation in the density operator formalism \[[@pone.0213286.ref009], [@pone.0213286.ref015], [@pone.0213286.ref045], [@pone.0213286.ref048], [@pone.0213286.ref052], [@pone.0213286.ref055], [@pone.0213286.ref056]\]. All details about the dynamics of the system and the RF magnetic field are stored in the Hamiltonian operator, **H**(*t*, Ω) = **H**~*HF*~ + **H**~*Z*~(*t*, Ω), and it is the hyperfine interaction **H**~*HF*~, [Eq (5)](#pone.0213286.e009){ref-type="disp-formula"}, that is responsible for the singlet-triplet mixing between the different spin states of the radical pair. The static and RF magnetic fields in turn affect the mixing rates of the spin states. Note that solution of [Eq (9)](#pone.0213286.e016){ref-type="disp-formula"} in its general form becomes difficult due to the time-dependent Hamiltonian, **H**(*t*, Ω), and special methods have been developed to handle such cases---the simplest of these is probably the rotating reference frame approach \[[@pone.0213286.ref013], [@pone.0213286.ref028], [@pone.0213286.ref032]\].

The probability for the radical pair to reside in a specific spin state determines the corresponding quantum yield of an associated reaction, and read as \[[@pone.0213286.ref059], [@pone.0213286.ref060]\]: $$\begin{array}{r}
{\phi_{S}\left( t,\Omega \right) = \operatorname{Tr}\left\lbrack \mathbf{P}_{S}\rho\left( t,\Omega \right) \right\rbrack\,.} \\
\end{array}$$

Specifically, this is the probability of finding a radical pair in the singlet state at the time instance *t* \[[@pone.0213286.ref009], [@pone.0213286.ref015], [@pone.0213286.ref048], [@pone.0213286.ref052], [@pone.0213286.ref056]\], and *ϕ*~*T*~ = Tr\[**P**~*T*~ *ρ*(*t*, Ω)\] defines the probability to observe the triplet state. The total singlet quantum yield, i.e. the probability of forming the singlet products from a radical pair, see [Fig 2B](#pone.0213286.g002){ref-type="fig"}, is then given by: $$\begin{array}{r}
{\Phi_{S}\left( \Omega \right) = \int_{0}^{\infty}k_{S}\phi_{S}\, dt\,.} \\
\end{array}$$

Likewise the total triplet quantum yield, Φ~*T*~(Ω), can be defined in terms of the time integral of the triplet fraction, i.e. $\Phi_{T}\left( \Omega \right) = \int_{0}^{\infty}k_{T}\phi_{T}\, dt$. The quantum yields Φ~*S*~(Ω) and Φ~*T*~(Ω) thus provide the probability that the radical pair ends up as the singlet or the triplet product, respectively.

Once the quantum yields for a single radical pair are obtained, one should consider the ensemble of radical pairs. Since the radical pairs in the ensemble will have different orientations, Ω, one should average the quantum yields over all possible orientations in order to obtain the ensemble average: $$\begin{array}{r}
{\left\langle \Phi_{S} \right\rangle = \frac{1}{8\pi^{2}}\int\int_{0}^{\infty}k_{S}\phi_{S}\, dt\, d\Omega\,.} \\
\end{array}$$

Here the prefactor of $\frac{1}{8\pi^{2}}$ is a normalization constant. A reference frame can be described by three Euler angles, *α*, *β*, and *γ*. The ensemble average in [Eq (12)](#pone.0213286.e022){ref-type="disp-formula"} may therefore be be written as: $$\begin{array}{r}
{\left\langle \Phi_{S} \right\rangle = \frac{1}{8\pi^{2}}\int_{0}^{2\pi}\int_{0}^{2\pi}\int_{0}^{\pi}\int_{0}^{\infty}k_{S}\phi_{S}\, dt\,\sin\left( \beta \right)d\beta\, d\alpha\, d\gamma\,.} \\
\end{array}$$

If the density operator, *ρ*(*t*, Ω) in [Eq (10)](#pone.0213286.e019){ref-type="disp-formula"}, is independent of the orientation of the radicals due to e.g. rotational diffusion, [Eq (13)](#pone.0213286.e024){ref-type="disp-formula"} simplifies to: $$\begin{array}{r}
{\left\langle \Phi_{S} \right\rangle = \int_{0}^{\infty}k_{S}\phi_{S}\, dt\,.} \\
\end{array}$$

Note, however, that this simplification is not possible for anisoptropic hyperfine interactions (i.e. if the radicals are constrained), or once other anisotropic interactions such as the magnetic dipole-dipole interaction are present, which may be significant when the radicals are located close to each other. The generic model systems studied here only have isotropic internal interactions and so [Eq (14)](#pone.0213286.e025){ref-type="disp-formula"} holds.

The ensemble average of the quantum yield determines the fraction of radical pairs reacting through a particular reaction pathway; in the generic model system described in [Fig 2B](#pone.0213286.g002){ref-type="fig"} it describes the fraction of radical pairs that end up as singlet and triplet products, respectively. If *N*~RPs~ denotes the number of radical pairs within a cell, and *N*~cells~ the total number of cells in an experiment, the total yields can, therefore, be defined as: $$\begin{array}{r}
{\overline{\left\langle \Phi_{S} \right\rangle} = \mathcal{N}\left\langle \Phi_{S} \right\rangle,\overline{\left\langle \Phi_{T} \right\rangle} = \mathcal{N}\left\langle \Phi_{T} \right\rangle,\mathcal{N} = N_{\text{RPs}}N_{\text{cells}}\,.} \\
\end{array}$$

Thus the average total yields $\overline{\left\langle \Phi_{S} \right\rangle}$ and $\overline{\left\langle \Phi_{T} \right\rangle}$, or the ratio $\overline{\left\langle \Phi_{S} \right\rangle}/\overline{\left\langle \Phi_{T} \right\rangle}$, are the quantities that can be measured experimentally \[[@pone.0213286.ref059], [@pone.0213286.ref060]\] if intracellular reactions that rely on radical pair dynamics are somewhat known. It is thus only the RF field effects that causes a change in these average total yields, and hence the average quantum yields, that are becoming noticeable on the cellular scale. Since the exact number of radicals $\mathcal{N}$ is normally not known, it is more common to instead consider the fractions: $$\begin{array}{r}
{\frac{\overline{\left\langle \Phi_{S} \right\rangle}}{\overline{\left\langle \Phi_{S} \right\rangle} + \overline{\left\langle \Phi_{T} \right\rangle}} = \left\langle \Phi_{S} \right\rangle,\frac{\overline{\left\langle \Phi_{T} \right\rangle}}{\overline{\left\langle \Phi_{S} \right\rangle} + \overline{\left\langle \Phi_{T} \right\rangle}} = \left\langle \Phi_{T} \right\rangle,} \\
\end{array}$$ which can be compared with experimentally measured fractions of the various reaction products.

Results of model calculations {#sec016}
=============================

Quantifying radical pair response to RF fields {#sec017}
----------------------------------------------

Evaluating the probability of forming the singlet products of the radical pair reaction with and without the presence of a RF magnetic field, and by subtracting one from another, one obtains an action spectrum as shown in [Fig 4A](#pone.0213286.g004){ref-type="fig"}. This spectrum describes specifically the change of the ensemble averaged singlet quantum yield in the model radical pair system, and is mathematically defined as: $$\begin{array}{r}
{\Delta\left\langle \Phi_{S} \right\rangle = \left\langle \widetilde{\Phi_{S}} \right\rangle - \left\langle \Phi_{S} \right\rangle_{0}\,.} \\
\end{array}$$

Here $\left\langle \widetilde{\Phi_{S}} \right\rangle$ is the average of singlet products describing the ensemble of radical pairs in the presence of an RF magnetic field, while 〈Φ~*S*~〉~0~ is the same quantity without the RF contribution, i.e. corresponding to *B*~1~ = 0. Thus $\left\langle \widetilde{\Phi_{S}} \right\rangle$ and 〈Φ~*S*~〉~0~ corresponds to two different experiments: one with a RF magnetic field present and another experiment without, respectively. The difference between the average singlet product yields in the two experiments, Δ〈Φ~*S*~〉, allows then to quantify the effect of the RF magnetic field. Note that although the definition of Δ〈Φ~*S*~〉 in [Eq (17)](#pone.0213286.e032){ref-type="disp-formula"} makes the singlet product probability difference a function of both *B*~1~ and *ω*, other parameters such as reaction rate constants and hyperfine couplings still influence the radical pair dynamics, and, therefore, the reaction yield change. The singlet product probability change, Δ〈Φ~*S*~〉 for this model system, reflects the concentration changes in a chemical species as a result of the RF magnetic field, thus the calculation results are linked to physical observables. It is then possible to obtain action spectra for different combinations of *B*~1~ and *ω*, as done in [Fig 4B](#pone.0213286.g004){ref-type="fig"} for the studied model radical pair system with *k*~*S*~ = *k*~*T*~ = 10^6^ s^−1^, *B*~0~ = 50 *μ*T and *a*~1~ = 0.5 mT, see [Fig 2](#pone.0213286.g002){ref-type="fig"}. Note that clear peculiarities are seen in [Fig 4B](#pone.0213286.g004){ref-type="fig"} for very weak RF magnetic fields of *B*~1~ \< 100 *μ*T, while these features disappear as *B*~1~ approaches the strength of the hyperfine interactions in the radical pair which in the considered example are 500-1000 *μ*T. This behaviour is expected to arise because the RF magnetic field induces transitions between spin states at a rate comparable with the rate for coherent mixing of singlet and triplet states governed by the hyperfine interactions, thereby interfering strongly with the coherent spin dynamics in the radical pair.

![Possible singlet product probability change in the radical pair.\
**A**: An action spectrum showing the singlet product probability change, [Eq (17)](#pone.0213286.e032){ref-type="disp-formula"}, as a function of RF magnetic field frequency, *ω*, for a specific field strength, *B*~1~ = 50 *μ*T, as defined in [Eq (6)](#pone.0213286.e010){ref-type="disp-formula"}. Note that the yield change is non-zero at zero frequency, since the RF magnetic field corresponds to a static field in this case, i.e. setting *ω* = 0 in [Eq (6)](#pone.0213286.e010){ref-type="disp-formula"}. **B**: The singlet product probability change, [Eq (17)](#pone.0213286.e032){ref-type="disp-formula"}, as a function of both *ω* and *B*~1~. Note that **A** is the vertical slice of **B** with *B*~1~ = 50 *μ*T, as indicated by the dashed line in **B**. All calculations assume *k*~*S*~ = *k*~*T*~ = 10^6^ s^−1^, *B*~0~ = 50 *μ*T and *a*~1~ = 0.5 mT.](pone.0213286.g004){#pone.0213286.g004}

Influence of the internal magnetic fields {#sec018}
-----------------------------------------

The singlet and triplet states of the radical pair are the so-called eigenstates of the Zeeman interaction with a homogeneous magnetic field along the *z*-axis, and eigenstates of the Hamiltonian do not mix over time. It is, therefore, necessary to include the hyperfine interactions of at least one magnetic nucleus in order to enable any possibility for singlet-triplet mixing, since singlet and triplet states will no longer be eigenstates of the total Hamiltonian in that case. In practice this means that radical pairs without any magnetic nuclei, and therefore no hyperfine interactions, such as a pair of superoxide radicals, would not have any singlet-triplet mixing (unless it is introduced by other means, such as *g*-tensor anisotropy) and, therefore, no RF magnetic field effects would be possible. A single hyperfine coupling on at least one of the two radicals is enough to enable singlet-triplet mixing. The reason that hyperfine interactions are necessary for state mixing is due to the conservation of angular momentum: the singlet and triplet states have different angular momenta by definition, and a conversion between singlet and triplet states can, therefore, only happen if an external angular momentum, such as a nuclear spin, is changed simulatneously, in order to conserve the total angular momentum. RF magnetic fields can also be described in terms of photons, and since photons carry angular momentum, interactions with photons can cause transitions between spin states as well. In the model radical pair system investigated here, each radical has a single magnetic nucleus, and the effect of changing the internal magnetic interactions within the radical pair, i.e. the hyperfine interaction strength of one of these nuclei, through changing *a*~1~, is explored in [Fig 5](#pone.0213286.g005){ref-type="fig"}. The obtained change in the singlet product probability can be understood by rewriting the hyperfine interaction for the first radical, as: $$\begin{array}{r}
{\mathbf{H}_{HF}^{(1)} = g\mu_{B}a_{1}\mathbf{S}_{1} \cdot \mathbf{I}_{1} = \frac{g\mu_{B}a_{1}}{2}\left( \mathbf{Q}_{1}^{2} - \mathbf{S}_{1}^{2} - \mathbf{I}_{1}^{2} \right)\,,} \\
\end{array}$$ where $\mathbf{S}_{1}^{2}$ and $\mathbf{I}_{1}^{2}$ are the total angular momentum operators of the electron and nucleus on the first radical, respectively, both having an eigenvalue of $\frac{3}{4}\hslash^{2}$. $\mathbf{Q}_{1}^{2} = \left( \mathbf{S}_{1} + \mathbf{I}_{1} \right)^{2}$ is the total spin angular momentum of the first radical consisting of an unpaired electron and a magnetic nucleus; the allowed eigenvalues of $\mathbf{Q}_{1}^{2}$ are 0ℏ^2^ and 2ℏ^2^. Thus the possible energy states of the first radical are split by the hyperfine interaction in [Eq (18)](#pone.0213286.e035){ref-type="disp-formula"}, such that one state has the energy $E_{1} = - \frac{3}{4}g\mu_{B}a_{1}$, corresponding to the eigenvalue 0ℏ^2^ of **Q**^2^, and three states have the energy $E_{2} = \frac{1}{4}g\mu_{B}a_{1}$, corresponding to eigenvalue 2ℏ^2^ of **Q**^2^. The transition frequency between these energy states is therefore: $$\begin{array}{r}
{\nu = \frac{E_{2} - E_{1}}{2\pi\hslash} + \Delta\nu = \frac{g\mu_{B}}{2\pi\hslash}a_{1} + \Delta\nu \approx 28\frac{\text{MHz}}{\text{mT}}a_{1} + \Delta\nu,} \\
\end{array}$$ where Δ*ν* is a contribution from the static external magnetic field, which is needed because only the hyperfine interactions were included in *E*~1~ and *E*~2~ while the Zeeman interaction also impacts on the energy difference between the possible states in the radical; Δ*ν* is approximately 0.7 MHz at *B*~0~ = 50 *μ*T. Note that the form of [Eq (19)](#pone.0213286.e043){ref-type="disp-formula"} only holds when the static magnetic field is weak compared to the hyperfine interactions, such that it only contributes the small perturbation Δ*ν*; a more rigorous treatment of the impact of the static external magnetic field on the transition frequencies is much more involved. The correspondence between transition frequency and the isotropic hyperfine coupling manifests itself in [Fig 5](#pone.0213286.g005){ref-type="fig"}: for *a*~1~ = 0.25 mT one observes a large change in the singlet yield at 0.25 ⋅ 28 MHz + 0.7 MHz = 7.7 MHz, for *a*~1~ = 0.75 mT at 21.7 MHz, and for *a*~1~ = 1.50 mT at 42.7 MHz, as indicated by the dashed lines in [Fig 5](#pone.0213286.g005){ref-type="fig"}. For all values of *a*~1~, the probability of forming the singlet product additionally have a large change at 28.7 MHz. This additional feature is caused by the second radical, which has a magnetic nucleus with a fixed isotropic hyperfine coupling of 1 mT.

![Hyperfine interactions impact the singlet product probability change in the studied model reaction.\
The strength of the isotropic hyperfine coupling constant *a*~1~ is modified here. Pronounced changes in the singlet probability are always seen in the low-frequency limit, and for $\omega \approx a_{1} \cdot 28\frac{\text{MHz}}{\text{mT}} + 0.7\text{MHz}$. The fixed hyperfine coupling, **a**~2~, gives rise to a singlet probability change around 28.7 MHz and enhances the singlet probability change at 28.7 MHz when *a*~1~ = 1.00 mT. *k*~*S*~ = *k*~*T*~ = 10^6^ s^−1^, *B*~0~ = 50 *μ*T and *B*~1~ = 50 *μ*T are assumed in all calculations.](pone.0213286.g005){#pone.0213286.g005}

The simple correspondence between hyperfine interactions and the frequency-dependence of the singlet yield change become more complicated when multiple magnetic nuclei reside on the same radical, due to second-order interactions where nuclei may interact with each other through the hyperfine interactions with the unpaired electron. It should nevertheless be clear from [Fig 5](#pone.0213286.g005){ref-type="fig"} that the hyperfine interactions in a radical pair are crucial in determining whether an RF magnetic field might influence a radical pair reaction, and therefore the most important of the internal molecular parameters to be obtained.

The effect of exchange and dipole-dipole interaction {#sec019}
----------------------------------------------------

Including the exchange interaction, [Eq (3)](#pone.0213286.e006){ref-type="disp-formula"}, between the radicals of a radical pair mainly results in a less significant response to the RF magnetic field. A strong exchange interaction, i.e. a large value of *J*, supresses the singlet-triplet mixing in the radical pair, which in the simple model radical pair leads to a very high singlet yield. This effect of the exchange interaction is illustrated in [Fig 6](#pone.0213286.g006){ref-type="fig"} as a function of $$\begin{array}{r}
{\eta = - \frac{2J}{g\mu_{B}},} \\
\end{array}$$ instead of *J*, to allow easier comparison with the hyperfine interactions.

![The exchange interaction.\
The exchange interaction is defiend in [Eq (3)](#pone.0213286.e006){ref-type="disp-formula"}, but $\eta = - \frac{2J}{g\mu_{B}}$ is used instead of *J* for better comparison with the hyperfine interaction strength. For values of *η* comparable with the hyperfine coupling *a*~1~ = 500 *μ*T the singlet-triplet mixing of the radical pair is supressed, leaving the radical pair largely in its initial singlet state.](pone.0213286.g006){#pone.0213286.g006}

The magnetic dipole-dipole interaction between the radicals, [Eq (4)](#pone.0213286.e007){ref-type="disp-formula"}, has a similar effect to the exchange interaction, with the tensor **D** playing the role of the interaction strength in a similar fashion as *J* for the exchange interaction. The main difference between these two inter-radical interactions is the tensorial nature of **D** which allows for an anisotropic interaction, but ultimately they both just suppress singlet-triplet mixing and hence the RF magnetic field effects. Thus, as depicted in the workflow diagram in [Fig 1](#pone.0213286.g001){ref-type="fig"}, there will be no RF magnetic field effect if *J* or **D** is too large, as illustrated in [Fig 6](#pone.0213286.g006){ref-type="fig"}, i.e. the peculiarities in the singlet probability vanish when *η* reaches the same order of magnitude as the hyperfine interactions.

Radical pair lifetime {#sec020}
---------------------

Whether an RF magnetic field has an impact on the radical pair highly depends on how much time the RF field affects the system, as well as the intensity of the RF field. This is also emphasized in the workflow in [Fig 1](#pone.0213286.g001){ref-type="fig"}, which indicate that no RF magnetic field effect is expected once *τ*~*RF*~ ≫ *τ*~0~. Here *τ*~*RF*~ is defined in [Eq (2)](#pone.0213286.e005){ref-type="disp-formula"} while the radical pair lifetime *τ*~0~ depends on the reaction rate constants, *k*~*S*~ and *k*~*T*~. In all the model calculations carried out so far, it is assumed that *k*~*S*~ = *k*~*T*~ = *k*, i.e. that there is only a spin-independent reaction with rate constant *k*, leading to a radical pair lifetime of *τ*~0~ = 1/*k*.

[Fig 7](#pone.0213286.g007){ref-type="fig"} illustrates that the most prominent RF magnetic field effects on the singlet yield requires a lifetime of the radical pair in the range of 100 ns---100 *μ*s. These lifetimes are characteristic for an RF field of 50 *μ*T intensity, and *τ*~*RF*~ would be somewhat different for e.g. a 5 *μ*T RF field since such a weaker RF magnetic field would require more time to influence the radical pair dynamics.

![Singlet product probability dependence on *k* (*τ*~0~) and *B*~1~ (*τ*~*RF*~).\
The singlet product probability is calculated assuming spin-independent kinetics, i.e. *k* = *k*~*S*~ = *k*~*T*~. **A**: The dependence of the reaction probability on RF frequency and reaction rate constant, with *B*~1~ = 50 *μ*T and therefore *τ*~*RF*~ = 714 ns. **B**: The dependence of the reaction probability on RF field intensity and reaction rate constant, with *ω* = 14.4 MHz corresponding to the significant singlet yield change seen in **A** and [Fig 4A](#pone.0213286.g004){ref-type="fig"}. The calculations assume *B*~0~ = 50 *μ*T and *a*~1~ = 0.5 mT.](pone.0213286.g007){#pone.0213286.g007}

The singlet yield tends towards a value of 0.25 as *τ*~0~ increases, whereas high rate constants result in very high singlet yields. For example, a singlet product probability of about 0.65 was obtained for *k* = 100 *μ*s^−1^, since the radical pair is initially assumed to be generated in the singlet state and the probability for it to react chemically before being converted to the triplet state is high. In general this happens when the time scale for singlet-triplet mixing in a radical pair becomes much longer than its lifetime, *τ*~mix~ ≫ *τ*~0~, i.e. singlet-triplet mixing takes too long for it to happen before most of the system has already chemically reacted, as is seen in [Fig 7](#pone.0213286.g007){ref-type="fig"} for rate constants *k* \> 10^7^ s^−1^.

Modelling a more complex radical pair {#sec021}
-------------------------------------

As stated earlier, the hyperfine couplings in a radical pair has typically a more profound influence on the RF magnetic field response than any of the other internal molecular parameters, provided *J* and **D** are not too large or *τ*~*RF*~ ≫ *τ*~0~ to prevent any RF magnetic field effects in the first place. Thus it is instructive to see how a radical pair with more hyperfine interactions can be studied. Since it has been previously suggested that RF effects in a $\left\lbrack {\text{FAD}^{\bullet -}\ldots\text{O}_{2}^{\bullet -}} \right\rbrack$ radical pair might lead to increased intracellular superoxide levels \[[@pone.0213286.ref001], [@pone.0213286.ref002], [@pone.0213286.ref004]\], this particular system will be considered. It should thus be noted that while the superoxide radical has no hyperfine interactions, the FAD^•−^ radical contains (i) many nuclei on the same radical; (ii) nitrogen nuclei with a spin of 1; (iii) sets of magnetically equivalent nuclei, e.g. the three H8 methyl protons.

The full FAD^•−^ radical contains 15 magnetic nuclei (4 nitrogens and 11 protons), and such a high number of magnetic nuclei can be difficult to handle computationally. Luckily it normally suffices to consider only a subset of the magnetic nuclei, since the magnetic nuclei with the smallest hyperfine couplings only would contribute smaller perturbations to the action spectrum. Thus the 8 magnetic nuclei with the largest hyperfine couplings would make up a representative model of the FAD^•−^ radical.

The radical pair is assumed to be produced in the singlet state, and assume that a reaction to form H~2~O~2~ may happen only from the singlet state, while superoxide radicals in a triplet state might escape without forming H~2~O~2~; thus singlet (H~2~O~2~) and triplet (superoxide) products are defined for this radical pair example. In an experiment, the measured amounts of H~2~O~2~ and superoxide provides the quantities $\overline{\left\langle \Phi_{S} \right\rangle}$ and $\overline{\left\langle \Phi_{T} \right\rangle}$, respectively, and [Eq (16)](#pone.0213286.e031){ref-type="disp-formula"} provides the fractions for these two products, 〈Φ~*S*~〉 and 〈Φ~*T*~〉. If the experiment is performed twice, with and without a RF magnetic field, the average singlet yield change, Δ〈Φ~*S*~〉, can then be obtained; it is simply the change in the amount of H~2~O~2~ produced in the experiment with RF magnetic fields, compared to the experiment without RF magnetic fields, and this is exactly the quantity that was computed in [Fig 8A--8C](#pone.0213286.g008){ref-type="fig"}.

![Characterization of RF effects in the $\left\lbrack {\text{FAD}^{\bullet -}\ldots\text{O}_{2}^{\bullet -}} \right\rbrack$ radical pair.\
**A-C**: The singlet product probability change was calculated for a model including 8 isotropic hyperfine interactions on FAD^•−^ and none on $\text{O}_{2}^{\bullet -}$, with (**A** and **C**) or without (**B**) a static external magnetic field of *B*~0~ = 50 *μ*T along the *z*-axis. All calculations assumed *k*~*S*~ = *k*~*T*~ = 1 *μ*s^−1^. Once the static external magnetic field is present, significant singlet probability changes are only seen for RF frequencies below 7 MHz as illustrated in **C**. **D**: The resonance frequencies of the system calculated from the eigenvalues of the spin Hamiltonian. **E**: The nuclei N5, N10, H6, 3 × H8 and 2 × H*β* on FAD were used.](pone.0213286.g008){#pone.0213286.g008}

The presence of even a weak static magnetic field may have a significant effect on the quantum yields, as illustrated by [Fig 8A and 8B](#pone.0213286.g008){ref-type="fig"}; the static magnetic field changes the energy levels of the spin states in the radical pair, thereby changing the resonance frequencies of the spin system. For a complex radical like FAD^•−^, which has many hyperfine interactions, this Zeeman-splitting of the energy levels by a static magnetic field is unlikely to be significant. For superoxide, on the other hand, one of the simplest possible radicals, void of any hyperfine interactions, a notable effect would be expected: in the absence of any coupling between the two unpaired electrons (that is, no exchange or magnetic dipole-dipole interaction), the unpaired electron in the superoxide radical can be considered a "free electron". Such free electrons are known to undergo Larmor precession in a static magnetic field \[[@pone.0213286.ref044]\], with the precession frequency given by 1.4 MHz in a static magnetic field of 50 *μ*T. Since the main difference between [Fig 8A and 8B](#pone.0213286.g008){ref-type="fig"} are seen near 1.4 MHz, this Zeeman-resonance in superoxide seems to be the main cause of the static field effect.

With the more complex model system defined, it would be straightforward to calculate the action of the RF magnetic field as in [Fig 4](#pone.0213286.g004){ref-type="fig"}, and the results of such calculations are shown in [Fig 8A--8C](#pone.0213286.g008){ref-type="fig"}. Such a comprehensive analysis may not be necessary, particularly if one is interested in RF magnetic fields with a specific frequency *ν*~*RF*~; a simple analysis of the radical pair system can determine its acceptable resonance frequencies, and unless *ν*~*RF*~ is close to any of these frequencies there can be no effect of the RF magnetic field, as illustrated in [Fig 1](#pone.0213286.g001){ref-type="fig"}. The resonance frequencies are obtained from the eigenvalues of the spin Hamiltonian for the radical pair system, as the difference between any pair of its eigenvalues. For a Hamiltonian with *n* eigenvalues there will thus be *n*(*n* − 1) resonance frequencies, where *n* may potentially be a rather large number, being determined by the type and number of magnetic nuclei in the radicals. A histogram of the number of resonance frequencies would, therefore, be a simple way to represent them, as is illustrated in [Fig 8D](#pone.0213286.g008){ref-type="fig"} for the FAD^•−^ radical. Note that there is a certain similarity between [Fig 8C and 8D](#pone.0213286.g008){ref-type="fig"} as each peculiarity in [Fig 8C](#pone.0213286.g008){ref-type="fig"} is caused by excitation of specific resonance frequencies. In particular, there is a significant change in the singlet product probability at low frequencies, which is expected since any resonance frequency is calculated as the difference between two energy levels: the largest resonance frequency just above 50 MHz is only about a factor of 2 larger than the largest resonance frequency in the two-nucleus systems studied previously, while the number of energy levels (spin states) has increased from 16 (two electronic spins and two spin-1/2 nuclei) to 6528 (two electronic spins, 6 protons and 2 nitrogen nuclei). The energy levels must therefore be packed much closer to each other, which means that the energy difference between a pair of energy levels will in many cases be very small, leading to a small resonance frequency. As seen in [Fig 5](#pone.0213286.g005){ref-type="fig"}, singlet yield change as a function of the oscillation frequency of the RF magnetic field follows a Lorentzian distribution centered around a specific resonance frequency. In other words, not only does the resonance frequencies affect radical pairs, but oscillation frequencies near a given resonance frequency might also have an effect, although the effect is smaller for frequencies further away from a resonance frequency, as dictated by the Lorentzian distribution. The full-width at half-maximum (FWHM) of the Lorentzian distribution depends on the lifetime of the radical pair, and the effect is, therefore, known as lifetime broadening \[[@pone.0213286.ref061]\]. Due to lifetime broadening, RF magnetic fields of any frequency below a few MHz, dependending on the radical pair lifetime, will, therefore, significantly affect the singlet product probability. This may be considered a general feature of radical pairs with many hyperfine interactions, with the radical pair lifetime being the crucial parameter due to the lifetime broadening.

Discussion {#sec022}
==========

Determining whether radical pairs residing in a biological environment are susceptible to RF magnetic field effects is no simple matter, but the presented workflow outlines the steps necessary to produce a realistic computational model of ensembles of such radical pairs, as well as the interpretation of calculation results in terms of physical observables. Such a computational approach has the predictive power necessary to evaluate the possible health effects of RF magnetic fields.

The Liouville-von Neumann equation allows to describe the dynamics of ensembles of transient intracellular radical pairs, and permits predicting their response to external RF magnetic fields. Note that only the magnetic aspect of the electromagnetic radiation has been considered here; electric fields do not directly interact with spins, except for the nuclear quadrupole interaction for nuclei with a spin of at least 1, and any indirect effects by e.g. a displacement in the electronic density would be negligible compared to the magnetic interactions. The calculation examples in the present study employed the rotating reference frame approach to establish the characteristic change of the radical pair singlet product probability, which would characterize such a response. This theoretical description was chosen due to its simplicity, which served well to demonstrate many features of RF magnetic field responses in model radical pair ensembles.

The change in the probability of the singlet product caused by an RF magnetic field has been shown in model calculations and previous studies \[[@pone.0213286.ref013], [@pone.0213286.ref028], [@pone.0213286.ref032], [@pone.0213286.ref051]\] to depend on the structure of the molecular system hosting the radical pair, described mainly through the hyperfine interactions. The generic two-nuclei model displayed a very simple relationship between the peculiarities in the singlet yield change and the RF magnetic field frequency, and similar relationships may also be found for more realistic models containing more magnetic nuclei, although they would be much more complex due to the larger number of nuclear spin states as illustrated for the $\left\lbrack {\text{FAD}^{\bullet -}\ldots\text{O}_{2}^{\bullet -}} \right\rbrack$ radical pair. The computations predict that for significant RF field-induced effects to happen within the 1-50 MHz range with RF field strengths below 100 *μ*T, the recombination and chemical reactions of the radical pair should occur with rate constants in the interval of 10^4^-10^7^ s^−1^. Although the present investigation focuses on a simplified model system, these limits on the rate constants are expected not to be much different for a more realistic radical pair system since they depend on the time scale for singlet-triplet mixing, which in turn depends on the strength of the hyperfine interactions; even though the hyperfine interactions in a real molecular system could be larger than those of the studied model system, they are expected to be of the same order of magnitude. It should be noted, however, that the rate constants for chemical reactions involving singlet and triplet states are in general not equal, since recombination may happen either only from the singlet state or only from the triplet state \[[@pone.0213286.ref054]\]. Although different reaction rate constants for singlet and triplet were not explored in the present study, it is already supported by the formalism described above, see e.g. [Eq (9)](#pone.0213286.e016){ref-type="disp-formula"}.

The workflow described here represents a general framework that can be applied to many different physical systems, not even limited to radical pairs. In fact many complexes involving metal ions would posses a number of unpaired electrons, which could take the role of one of the radicals in a radical pair, the main difference being the spin quantum number. The main challenge that remains in order to explain the observed RF magnetic field effects in cells is, therefore, to find cellular processes that could be affected, and design experiments to obtain the magnitude of any RF field effects. Theoretical calculations as those presented here can both aid in explaining observed effects of RF fields, and make predictions about frequency ranges that deserve experimental investigation in order to observe an effect.

Supporting information {#sec023}
======================

###### The three Euler angles *α*, *β* and *γ*.

First a rotation about the *z*-axis by angle *α* is performed, then a rotation about the initial *x*-axis by the angle *β*, and finally a rotation about the *z*-axis by the angle *γ*.

(PDF)

###### 

Click here for additional data file.

###### Spin systems and mixing of states.

The summary provides a short introduction to the essential concepts of spin dynamics used in the paper.

(PDF)

###### 

Click here for additional data file.

###### Rotation matrices.

The basic concepts of rotation matrices that describe transformation from the molecular frame of reference to the laboratory frame.

(PDF)

###### 

Click here for additional data file.
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